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'propagation was determined by means of the augmented strain
cracking (ASC) test. Crack initiation and propagation were
monitored with acoustic-emission techniques.
{

Although hydrogen-assisted cracking 'invariably initiated
in the fusion zone, it frequently propaged into the heat-
affected zone. Crack propagation through the weld metal was
not always related to the solidification structure,

The critical hydrogen content to initiate cracking in AX-
140 welds on HY-130 plate was approximately 1 ppm, whereas in
AX-140 welds on AX-140 all-weld-metal the critical hydrogen
content was approximately 3 ppm. This difference in cracking
susceptibility was ascribed to the difference between the base-
metal and the fusion~zone analyses.

The susceptibility to hydrogen-assisted cracking of all-
weld-metal specimens was not sensitive to orientation, except
when the ASC welding direction on a transverse section was
perpendicular to the original welding direction. In this case,
the critical hydrogen content was 2 ppm, rather than 3 ppm.
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ABSTRACT

The relative susceptibility to hydrogen-assisted
cracking of AX-140 welds on HY-130 plate material and
on AX-140 all-weld-metal specimens was investigated.
Controlled amounts of diffusible hydrogen were intro-
duced into these weldments by utilizing the pulsed-
current gas metal arc welding (GMAW-P) process with
additions of hydrogen or mdisture to the shielding gas.

The critical hydrogen content required for crack initi-
ation and propagation was determined by means of the
augmented strain cracking (ASC) test. Crack initiation
and propagation were monitored with acoustic-emission
techniques.

Although hydrogen-assisted cracking invariably
initiated in the fusion zone, it freguently propagated
into the heat-affected zone. Crack propagation throughn
the weld metal was not always related to the solidifica-
tion structure.

The critical hydrogen content to initiate cracking in
AX~-140 welds on HY-130 plate was approximately 1 ppm, whereas
in AX-140 welds on AX-140 all-weld-metal the critical hydrogen
content was approximately 3 ppm. This difference in cracking
susceptibility was ascribed to the difference between the
base-metal and the fusion-zone analyses.

The susceptibility to hydrogen-assisted cracking of all-

weld-metal specimens was not sensitive to orientation, except




when the ASC welding direction on a transverse section was
perpendicular to the original welding direction. In this
case, the critical hydrogen content was 2 ppm, rather than

3 ppm.
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INTRODUCTION

Weldments of hardenable steels are susceptible to
hydrogen-induced cracking (hydrogen-assisted cracking).
This cracking, which i3 generally transgranular, except
near the initiation site, can initiate very soon after
welding or after a delay period at room temperature.

Hydrogen-assisted cracking will occur only if four
conditions are present simultancously. These conditions
have been identified as:l

1. A critical concentration of diffusible hydrogen

at a crack tip,

2. A stress intensity above a critical magnitude,

3. A crack-susceptible microstructure, and

4. A temperature in the range of -100 to 200°C

(=150 to 400°F).

Hydrogen 1is introduced into weldments because the
welding arc is capable of dissociating hydrogen gas, water
vapor, and hydrogen-bearing compounds to produce atomic
hydrogen. The molten metal will absorb atomic hydrogen
in proportion to its concentration in the arc atmosphere.

In welded, high-yield strength, steel structures, the
combination of service and residual stresses, ambient ser-
vice temperatures, and susceptible microstructures, which
are required for hydrogen-induced cracking, are inevitably
present. Therefore, control of hydrogen content in these

weldments is mandatory to prevent hydrogen-induced cracking.




PSR Ry -veuay

-

1
L3
-

o

The mechanisms proposed to explain the role of
hydrogen in hydrogen-assisted cracking can be classificed
into four categories:

1. The creation of high internal pressure by the

formation of molecular hydrogen in voids,

2. The adsorption of hydrogen on crack surfaces,

3. The reduction ot binding encrgy by the presence

of hydrogen, and

4, The modification of dislocation mobility by the

presence ot hydrogen.

Creaticn of High Internal Pressure. The "Planar

.2

Pressure Theory" proposed by Zapffe and Sims  and later

v . ~ 3 . = F
modified by Tetleman™ postulates that hydrogen diffuses
into the void, pressure builds to extremely high levels.
The interaction of service and residual stress with this
internal pressure may cause crack initiation and propagation
from the initial defect sits.

Surface Adsorption. In 1952, Petch and Stabla-s4

proposed a surface-adsorption theory which postulates

that hydrogen adsorption at the surface ot intcernal cracks
reduces the critical fracture stress. Williams and Nclson5
have calculated the kinetics of crack growth based upon a
surface~adsorption model and have obtained good agrecement
between theory and experimental results for tests conductod
in gaseous hydrogen. Thus, this theory explains the effect
of hydrogen on crack propagation, but it relies on dis-

location pileups at grain boundaries for crack initiation.
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Barth and Steiaer..lu have criticized this theory

i the basis of observations that the incubation time for
crack initiation is reversible with respect to applied
stress. Furthermore, the embrittlenment persists at very
low temperatures where both the bulk diffusion rate and

the rate of redistribution of hydrouen along newly created
surfaces would be negligibly small.

‘-

Reduction of Binding Energy. This theory, initially

5
proposed by Troiano', suggests that there is a stress-

induced diffusion of hydrogen to positions in the lattice

of high triaxial stress near a void or stress railser. When

[

the hydrogen concentration reaches a critical level in the
triaxial~-stressed region, initiation of a crack occurs. It

was observed that cracking progresses discontinuously as dis-
crete cracking events, and that cracking 1s preceded by an
incubation period. Troiano proposes that the cohesive strength
of the lattice is lowered by the presence of hydrogen in in-
terstitial lattice sites near the crack tip.

Oriani8 also has proposed that the presence of hydrogen
results in lattice decohesion. However, he suggested that
inhomogeneity in the metal causes the intermittent cracking
instead of Troiano's proposed requirement for a critical
concentration of hydrogen at the crack tip of initiation and
propagation of a crack.

Modification of Dislocation Mobility. Although this

theory is focused upon the interaction of hydrogen with
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dislocations, there have been different opinions regarding
this interaction. Steinman cot. al.g suggest that hydrogen
reduces the mobility of dislocations by restricfing cross
slip. This restriction might lead to large local strain
concentrations which would causc crack initiation and
growth. In contrast, Beachemlo propeses the pressurce of
hydrogen dissolved in the lattice ahcad of the crack tip
assists microscopic deformation processcs. Thus, con-
centration of the hydrogen lowers the appliced stress ncces-
sary to cause dislocation motion and multiplication.
OBJECT

This investigation is a study of hydrogen-assisted
cracking in weldments of HY-130 stecl and AX-14C¢ all-weld-
metal specimens prepared using AX-140 filler metal. This
effort was performed with the following objectives:

l. To develop a method for obtaining controlled amounts
of diffusible hydrogen in the weld metal utilizing
the GMAW process.

2. To determine the threshold level of hydrogen re-
quired to cause cracking in HY-130/AX-140 filler
metal weldments.

3. To determine the susceptibility of AX-140 weld metal
to hydrogen-assisted cracking.

4. To evaluate the effect of underlying weld-metal

orientation on the hydrogen-assisted crack sus-

ceptibility of all-weld-metal AX-140 material.
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MATERIALS AND PROCEDURES

One heat of a 2-in. (50.8-mm) plate and one heat of
AX~-140 spooled filler wire were used in this study. The
chemical compositions and mechanical propertices ot these
materials are presented in Table 1. A 0.8-in. (20. 3m)
thick AX-~140 all-weld-metal pad was Jdcposited on a HY-130
base plate utilizing multipass GMAW with the paramcters
shown in Table 2. Dilution of weld metal was characterizod
with the aid of an c¢lectron beam microprobe.  The results,
shown in Fig. 1, confirm that specimens cut trom the ton
0.5 in. (12.7mm) of the pad were not affocted by dilution

from the base metal.

Augment «d Str:in Cracking Test Specinens

Specimens used in the augmented strain cracking (ASCO)
test were machined from the all-weld-metal pad with scoloected
orientations relative to the welding dircection.,  Filoure 2
1llustratesthe four orientations which were used. Additional
ASC specimens were machined from the HY-130 plate with the
two orientations shown at the vright in Frgure 2.

All ASC specimens were 2 oin. (50.8mm) long by 0.5 in.
(12.7mm) wide. Two thicknesses, t=0.20 in. (50.8mm) and
£t=0.30 in. (7.62mm) ,were chosen to provide small values of
plastic strains in the ASC test and to permit direct com-
parisons with earlier work conducted at RPl.ll The 2-in.

(50.8mm) x 0.5-in. (12.7mm) surfaces were polished through

600-grit abrasive. Some spacer blocks 1 x 0.5 x 0.30 in.
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TABLE 2
Gas Metal Arc
Welding Parameters for

Producing AX-140 All-Weld-tetal Specimens

Electrode AX-140
Electrode Diam. 0.063 in.
Welding Position Flat
Transtfer Mode Spray
Polarity DCRP
Shielding Gas 98%Ar2%02

nielding Gas Flow 45-55 CFH
Wire Feed Speed 165 ipm
Welding Current 280A
Open Circuit Voltage 30 Vv
Arc Voltage 26 vV
Travel Speed 15 ipm
Heat Input 30 kj/in.
Contact Tube-to-Work Distance 0.75 in.
Min. Preheat and Interpass 150°F

Temp.
300°F

Max. Interpass Temp.




DILUTION OF ALL-WELD-METAL
AX-140 PAD BY HY-I30 BASE PLATE

Source of
2 = |[<—All-Weld-Metal—>}<-Dilution—>}«—HY-130
£ 5} Specimens | Zone  BaseMetal
g4 |
&g
33 |
> 2} Ni |
°
Z IT - —a
<< o—
o Cr
o) 05 1.0

Distance From Surface (in)

FIGURE |

Dilution of All-Weld Metal AX-140 Pad by HY-130 Base Plate
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SPECIMEN ORIENTATIONS

(ASC TesT)
WO
AX- 140 \S“’\;%
Weld Metai 0\%

HY-130 STEEL
AS RECEIVED

Basic specimen dimensions
are: 2"'x0.50"x T
where T=0.200" or 0.300"

FIGURE 2

Orientations of Augmented~Strain Cracking Test Specimens
Machined from AX-140 Metal and from As-Received HY-130
Steel.




10. i

(25.4 x 12.7 x 7.62mm) were machined to size, numbered,
and weighed ( + 0.001 gm) for use either for hydrogen deter- !

mination or as spacers between ASC specimens. All material,

 eceme

including start-up and run-off tabs, were degreased with

§ either ethanol or acetone immediately prior to welding.

Hydrogen Content of Weld Metal j
Hydrogen content of the weld metal was varied by

adding either moisture or hydrogen to the shielding gas.

To introduce moisture, argon-2% oxygen was bubbled through

9 in. (23 cm) of water at 24°C. This moisture-laden gas

was combined with dry argon-~2% oxygen gas in a mixing plenum.
The moisture content of the mixture was computed from the
relative flow rates. Based upon experimental measurements

which showed the gas from the bubbler to be 85% saturated

with moisture, the percent moisture was calculated as fol-
lows:

(CFH wet gas) (H20 part. press. at test temp.)

%H20 = x0.85

(CFH dry gas + CFH wet gas) (atmos. pres.)
To introduce hydrogen into the shielding gas, argon -
2% oxygen was mixed with one of the following: argon -1%
hydrogen, argon - 2% hydrogen, or argon =-5% hydrogen. The
hydrogen content of the resulting shielding gas was computed

from the flow rates. 1In all cases, several minutes of prepurge

were used to stabilize the mixtures prior to welding.
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Welding and Treatment of Specimens

The ASC test specimens, spacers, and hydrogen-deter-
mination specimens were clamped in the welding fixture, with
run-off tabs as shown in Fig.3. The specimens were welded
using GMAW procedures recommended in shipyard specifications
(Table 3, Technique S) cor with pulsed =-current (GMAW-P)
parameters developed for easier welding with the hydrogen-
or moisture-laden shielding gas (Table 3, Technique P).

Immediately after welding ,the block of specimens was
unclamped and water quenched. The time interval between weld
completion and quenching was approximately ten seconds. After
approximately 20 seconds in the water bath, the block of ;
specinens was transferred to a dry ice and ethanol bath at
-70°C (~94°F}). Subsequently, the block of specimenswas taken
from this bath and the hydrogen-determination specimens were
separated from the ASC-~spacer pairs with & hammer and a chisel.
All specimens were then stored in liquid nitrogen at -196°C

(-320°F) prior to hydrogen determination or separation of the

ASC specimens from the spacers.

Each ASC specimen was separated from the attached spacer
without significant warming by using a 0.036 in. (0.914-mm)
thick slitting saw mounted in an arbor mill. Figure 4 shows
the special fixture used to hold the pieces. Throughout this
operation the specimen was immersed in a plastic container
filled with liquid nitrogen.

The saw-cut face of the ASC specimen was repolished to




WELDING FIXTURE

TAP 2 NC (Typ)

"e'mnm‘_'_j_';'/ Nt i L

{

|
fl¢ 12" ' 4

SPECIMEN FOR

RUN-OFF
TABS

FIGURE 3

Welding Fixture for the Preparation of ASC Test and Hydrogen
Analysis Specimens




TABLE 3

Welding Techniques for Producing

Augmented-Strain Cracking Specimens

Electrode Type
Electrode Diam., in.
Welding Position
Transfer Mode

Polarity

Shielding Gas

Shielding Gas Flow,CFH

Wire-Feed Speed,ipm
Welding Current, A

Arc Voltage, V
Travel Speed, ipm
Heat Input, kj/in.

Contact-Tube-to-Work
Distance, in.

Preheat Temp., °F
Pulse Peak Voltage, V

Background Current, A

Open-Circuit Voltage, V

Tech. S.

Spray
(GMAW)
DCRP

165
305
24
15 or 11
30 or 40

0.375

N/A
N/A

30

Tech. P
AX-140
0.063
Flat
Pulsed
(GMAW-P)
DCRP 120 Hz
98%Ar2%02
45-55
130
185 Avg.
29
10.5 or 8
30 or 40

0.94

none (75°F)
84

34

N/A

13.
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Sawing Fixture

2_Plastic cup holds
liquid nitrogen

FIGURE 4

Low-Temperature Sawing Fixture for Separating ASC Test
Specimens




facilitate microscopic observation of cracking during

the ASC test. During repolishing, the temperature of

the specimens was kept below -40 °C (-40°F) by quenchiny
in a dry ice and ethanol bath every 10 seconds to prevent
hydrogen loss. A specimen holder, made from polymethyl-
methacrylate, was fitted with a small magnet to retain the
specimen in the holder during the polishing procedure.

Augmented Strain Cracking Test

The augmented strain cracking test was designed to
produce a known reproducible strain in the outer fibers of
a transverse section of a weld. The critical diffusible
hydrogen content required to induce -~racking in a particular
microstructure with a given magnitude of augmented strain can
be used as an index of the susceptibility of a steel to
hydrogen-assisted cracking.

Figure 5 shows the details of the fixtures used to

apply strains to the ASC test specimens. The specimens were

forced to conform to the surface of the radius-die block by

tightening the bolt. Bending was completed before the specimen
had time to warm from the liquid-~nitrogen temperature, ~196°C
(-320°F), to the temperature range where hydrogen-assisted crack-
ing might occur (-100 to 200°C, =150 to 400°F).

For a block with a 20-inch radius (used throughout this
program) augmented strain as a function of specimen thickness
was determined experimentally with the aid of electric-resistance

strain gages. The approximate value of the augmented strain
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Augmented Strain Cracking

Fixture

TorP VIEW

/\_/f

[

Specimen to be tested
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RADIUS 20" |
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FIGURE S UL FULL SCALE

Augmented-Strain Cracking Test Fixture
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determined by these tests 1is given by the relationshijp:
+=1.136t/R = 0.0568¢t

where . = augmented strain at the outer surface

!

1

t thickness of ASC specimen (inches)

1]

R block radius = 20 inches

As may be seen in Figure 6, this relationship differs
significantly from the formula derived from clastic curved-
beam theory, :=t/2R, which is applicable to the Varestraint
testlz. With the 20~inch radius die block, rouchly twice
the strain predicted by curved beam theory (. =0.025t) 1is
applied to ASC specimens (:=0.0568t). As a result, spccimen

thicknesses of 0.200 in. (5.08mm) and 0.300 in. (7.62rum) pro-

duce augmented strains of approximately 1.15% and 1.70% res-
1,13

reported 0.5%

pectively, whereas earlier investigatores,l
and 0.75%.

After applying the augmented strain in the test fixture,

the specimen was allowed to warm to room temperaturce and
both the initiation and growth of hydrogen-induced cracks
were observed under a microscope and monitored acoustically.

Acoustic-Emission Instrumentation

To provide additional information on the initiation and
propagation of hydrogen-induced cracking, the ASC testing
device was instrumented to detect acoustic waves. A Model
201 Acoustic Emission Technology Corporation Signal Processor
with matching preamplifier and accelerometer is shown in
Figure 7. To eliminate signals arising from extraneous

sources, the test fixture was mounted on a padded stand and
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AUGMENTED STRAIN
VS.

SPECIMEN THICKNESS

[
[ ]
2 p—
% €=0.0568¢(100)
™
ae " !
£ i
S
N
S I
et
i [-)
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the accelerometer output was filtered to pass only signals
with frequencies between 125 kHz and 250 kHz. The processed
signals were channelled intc an X-Y recorder to produce plots
of total acoustic-emission counts versus time.

The acoustic-emission surveys served both for determining
crack incubation time and as a means of monitoring crack growth.
The incubation time for crack initiation was obtained from
acoustic-emission recordings by measurement of the time
delay before the first emission occurred. The summation of
amplitudes of individual stress-wave emissions has been shown
by Hartbower14 to be directly proportional to the crack ex-
tension as measured by a crack-opening displacement gauge.

The Model 201 signal processor counts threshold level crossings
and does not truly measure stress-wave amplitude. However,

the underdamped transducer oscillates from a stress-wave pulse
and the resulting output is roughly proportional to the
stress~-wave amplitude. Thus, the acoustic-emission count

could be taken as a relative measure of total crack length.

Diffusible Hydrogen Analysis

The Silicone-0il Extraction Methodls, developed at RPI,
was employed for determining the amount of diffusible hydrogen
in the weld deposits. The evolution and volumetric measure-
ment of the diffusible hydrogen content was accomplished by
placing the welded specimen in hydrogen-saturated silicone
oil at 100°C (212°F) and collecting the hydrogen liberated in
a burette,

The three-step procedure for washing the specimen was




e ——

21,

adopted from the method recommended by the BWRA: 16

1. Immerse and agitate specimen in pure ethanol for
3-5 seconds.

2. Immerse and agitate in anhydrous ethyl cther for
3-5 seconds.

3. Dry with argon gas for 20-30 seconds.

The washing procedure should take no longer than 60
seconds, from liquid-nitrogen storage to placement under
the funnel in the silicone-oil bath. The silicone-oil
method apparatus is shown schematically in Fig. 8. Decause
the hydrogen extraction takes place at 100°C, the time re-
quired to complete the analysis is short, approximately 1.5
hours.

Hydrogen content on a weld-metal-added basis is computed
from the relaticnship:

ppm = AV X 273 X AP X

AW RT+273 760 20
where:
pPpm = diffusible hydrogen content,partsper million.
AV = volume of hydrogen extracted, cc.
AW = weight after welding minus weight before

welding, gm.

AP = atmospheric pressure, mm llg.
RT = room temperature, °C.
90 = conversion from cc/gram toppm .

Hydrogen content on a fused-metal basis is calculated

in exactly the same way by substituting the weight of the
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fused metal, in for “W in the above eqguation. The value

of ‘W, for the fused metal 1s calculated from the equation:

Acle
W=
TF A
where: AT < cross-sectional area of specimen and weld
Ac = cross-sectional area of composite zone (fusion
zone)
wy = welght of specimen after welding, gm.

Arca measurements are made with a polar planimeter on photo-
macrographs,

Unless otherwise stated, all values ot hydrogen content
were computed on a metal-added basis. To convert the hydrogen
content from ppm to cc per 100gm of metal, it 1s necessary to
multiply the former by 1.1.

RESULTS AND DISCUSSION

Technigues for Adding Hydrogen to Weldments

The addition of

Hydrogen Additions to the Shielding Gas,
hydrogen to the t\l“‘Z‘i(72 shicvlding gas coused both arc 1n-
stability and a decrease in arc length. Additions of 0.05
and 0.1¢ hydrogen caused a transition from stabloe spray
transfer to a mixture of spray and short-circuiting transter
with considerable spatter. Hydrogen additions of 0,95+

aad more resulted in excessive spatter and producced irreqular

weld deposits with low fluidity.

For a given current and contact-tube-to work distance,
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the increase in electrode stickout caused by the decrease
in arc length caused an increase in the 12R heating and,
therefore, increased the melting rate. The erratic arc
behavior resulted in porosity and variations in the size
and shape of the weld pool, and thus caused inconsistencies
in the diffusible hydrogen content of the w2ld metal pro-
duced by a given hydrogen addition to the shielding gas.

It was found that by increasing the current from 305
to 340 amperes and increasing the voltage from 24 to 33
volts, the spray-transfer mode could be restored and the
arc behavior rendered relatively insensitive to variations
in the hydrogen content of the shielding gas. However,
the energy input and melting rate associated with this com-
bination of welding variables proved to be excessive for
the specimens sizes involved. Therefore, a more appropriate
set of parameters involving pulsed-current (GMAW-P) was
developed. These parameters are lisied as Technique P in
Table 3, and were found to tolerate up to 2.5% hydrogen in
the shielding gas.

Figure 9 and Table 4 summarize the hydrogen contents pro-
duced by hydrogen additions to the shielding gas with continuous-
current GMAW. Since, for a given hydrogen concentration in
the shielding gas, the amount of hydrogen absorbed by the weld
metal is directly proportional to the size of the weld pool,
the relatively high scatter in these data can be attributed to

the arc instability caused by adding hydrogen to the shielding gas.
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DIFFUSIBLE HYDROGEN CONTENTS
GMAW  Welds
Metal-Added Basis

Diffusible Hydrogen Content (ppm)
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FIGURE 9

Diffusible Hydrogen Contents of GMAW Welds on a Metal-
Added Basis, Hydrogen Additions to the Shielding Gas
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TABLE 4
Diffusible Hydrogen Contents
of GMA Welds

Hydrogen Added to Shieldirng Gas

Diffusible Hydrogen Content, ppm

(metal-added basis)

Run No. % HZO in Gas Individual Specimens Average
1 0.0 0.4, 0.3 0.4
2 0.05 1.3 1.3
3 0.10 1.4 1.4
4 0.10 2.3, 1.2 1.8
5 0.18 1.9 1.¢
6 0.20 1.6, 1.2, 1.9 1.6
7 0.31 1.9, 3.7, 2.4 2.7
8 0.31 5.4, 3.8 4.6
9 0.38 2.3 2.3

10 0.38 2.7, 2.9, 1.6 2.4

26.
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Table 5 and Fig. 10 summarize the diffusible hydrogen
contents produced by hydrogen additions to the shielding gas
for pulsed GMAW. The solid lines in Figs. 9 and 10 represent
the best fit of the the data for concentration of diffusible
hydrogen in the weldment as a function of the hydrogen con-
centration in the shielding gas. The data shown in Tables 4
and 5 and Figs. 9 and 10 were calculated as ppm of hydrogen
on the basis of added filler metal. As will be shown in a
later portion of this report, the correlation between dif-
fusikle hydrogen content and concentration of hydrogen in
the shielding gas is improved if the calculation is made on
a fused-metal basis.

Moisture Additions to the Shielding Gas. It was also

found possible to extend the range of diffusible hydrojen con-
tent by adding moisture to the shielding gas used with the
GMAW-P process. As may be seen from Fig. 11 and Table 6,
diffusible~hydrogen contents of approximately 11 ppm could

be obtained in GMAW-P welds when the shielding gas was 85%
saturated with moisture at 24°C. Moisture-saturated gas at
24°C has a water content of 2.95 volume percent; with 85%
saturation the water content is 2.5%. By mixing argon nearly
saturated with moisture with controlled amounts of dry argon-
2% oxygden, it was possible to obtain deposits containing less
than 11 ppm hydrogen. However, point-to-point differences in
hydrogen content were still encountered.

The point-to-point variations in hydrogen in a test weld
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TABLE 5
Diffusible Hydrogen Contents
of GMA-P Welds
Hydrogen Added to Shielding gas

Diffusible Hydrogen Content, ppm
(metal-added basis)

Run No. % H2 in Gas Individual Specimens Average
1 0.1 0.1, 0.3, 0.3, 0.3,0.5 0.3
2 0.18 0.9, 1.2, 1.1, 0.3,0.7 0.8
3 0.5 2.4, 2.7, 3.6, 3.0 2.93
4 1.0 7.2, 7.0 7.1
5 1.7 7.4, 6.4 6.9
6 2.5 5.2 5.2
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DIFFUSIBLE HYDROGEN CONTENTS
GMAW-P Welds

Metal-Added Basis

Diffusible Hydrogen Content (ppm)
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FIGURE 10

Diffusible Hydrogen Contents of GMAW-P WQ}ds on Metal~
Added Basis, Hydrogen Additions to the Shielding Gas
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DIFFUSIBLE HYDROGEN CONTENTS
GMAW-P Welds
Metal-Added Basis
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Diffusible Hydrogen Contents of GMAW-P Weclds on a Metal-
Added Basis, Moisture Additions to the Shielding Gas
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TABLE 6
Diffusible Hydrogen Contecnts
of GMA-P Welds
Water Added to Shielding Gas

Diffusible Hydrogen Content, ppm
(metal~added basig)

Run No- % HZO in Gas Individual Samples Average
1 0.11 0.2,0.2 0.2
2 0.18 0.72 0.72
3 0.22 1.5 1.5
4 0.22 1.5,2.2 1.9
5 0.24 1.4,3.3,2.0 1.8
6 0.24 3.1,1.3 2.2
7 0.24 2.2 2.2
8 0.50 4.3,5.2,3.7,3.5 4.2
9 1.25 5.5,6.8,7.4,8.1 7.4

10 1.75 13.4,10.3,6.7,8.5 9.7
11 2.50 12.6,9.8,11.1 il.2
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might have resulted from the loss of hydrogen by diffusiorn

from the first specimens to be welded during the time when

the remaining specimens were being welded. If this were
the sole cause of the observed point-to-point variations,
the amount of diffusible hydrogen should increase, con-
tinuously, from the beginning to the end of a test weld. |
However, the data from Tables 4, 5, and 6, in which thc
hydrogen contents of specimens within cacn run are liscen
in order of welding, do not show this trend. The scattor
in the hydrecgen content data was reduced significantly when
the calculation of hydrogen content utilized the weiaght of
the entire fusion zone rather than the weight of the adacd '
filler metal. Figure 12 illustrates the resultant reduction
in scatter of the hydrogen-content data.
In Fig. 12, the parabolic curve is a plot, in accord:ncc
with Sieverts' Law, of the theoretical solubility of nydrogen
in liquid iron at 3400°F (1870°C). The equilibrium sclubility
of hydrogen in iron at one atmosphere pressure, 43 ppm, at
3400°F (1871°C) was chosen so that Sieverts' Law would give
a good match with the experimental data. With Sieverts' Law,
the solubility of hydrogen is proportional to the square root
of the volume percentage of hydrogen. In this case, because
the arc dissociates water, the volume percentage of hydrogen

is equal to the volume percentage of water in the shielding

gas.

Augmented Strain Cracking Test

Results of augmented strain cracking (ASC) tests of AX-140
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GMA welds on specimens of HY-130 plate are summarized in
Table 7 for 30 kj/in. and in Table 8 for 40 kj/in. The
results cf ASC tests of GMAW-P welds on specimens machined
from the all-weld-metal pad made with AX-140 filler metal
are summarized in Table 9. All welds were made using an
energy input of 30 kj/in. unless otherwise noted. Cracking

when it occurred, always initiated in the fusion zone of the

ASC Tests of AX-140 Welds on HY-130 Steel

The results presented in Tables 7 and 8 have becen sum-
marized in Table 10 to illustrate the critical diffusible
hydrogen content at which hydrogen-assisted cracking occurred.
As may be noted in Table 10, and as would be expected, for
both 30 and 40 kj/in. energy input the critical hydrogen
content is somewhat less for the 1.7% augmented strain than
for the 1.15% augmented strain. For the same augmented strain,
however, there is little difference in the critical hydrogen
content of test welds made at either 30 or 40 kj/in. encrygy
input. In summary, a diffusible hydrogen content of approxi-
mately 1 ppm 1s large enough to cause cracking in the ASC test
when AX-140 welds are deposited on HY-130 plate with normal
input and no preheat.

ASC Tests of AX-140 Welds on AX-140 All-Weld Metal Speccimens

The results presented in Table 9 have been summarized in
Table 11 to show the critical diffusible hydrogen content at

which hydrogen-assisted cracking occurred for 1.15% augmented
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TABLE 7
Augmented Strair. Cracking Test Results
AX-140 GMA Welds on HY-130
30 kj/in., No Preheat
Diffusible Augmented Cracking Acoustic Incubation

Run No. Hydrogen,ppm Strain,?% Observed Emissions X10 Time, min.

H1 0.45 1.7 No - 0.1
H2 1.1 0.75 Yes 3.6 3
0.75 Yes 2.8 0
1.7 Yes 5.4 0
1.7 Yes 14.2 "
H3 1.1 1.15 No 0.4 *
1.7 Yes 0.3 -
H4 1.7 1.7 Yes 1.0 *
H5 2.8 1.15 Yes 0.2 2
1.7 Yes 1.0 0
H6 3.1 1.15 Yes 0.9 0
1.15 Yes 1.6 2
1.15 Yes 1.4 0.5
1.15 Yes 2.0 6
H7 4.5 1.15 Yes 1.6 4
H8 4.6 1.15 Yes 0.4 *
H9 4.8 1.15 Yes 1.4 *
110 4.8 1.7 Yes 3.1 -2

* Data not availaple
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TABLE 8
Augmnented Strain Cracking Test Results
AX-140 GMA Welds on HY-130
40 kj/in., No Preheat
Diffusible Augmented Cracking Acoustic Incubation
Run No. Hydrogen,ppm Strain,$% Observed EmissionsXlQ Time, min.
H1ll 0.7 1.15 No ~0.1 *
1.7 Yes 7.4 0
H12 1.1 1.15 No 0.4
1.7 No 2.1 *
1.7 Yes 1.3
H13 1.9 1.15 Yes 7.8 0
1.15 Yes 11.2 0
Hi4 3.0 1.15 Yes 0.9 0
1.7 Yes 3.6 0

* Data not available
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TABLE 9
Augmented -StrainCracking Test Results
AX-140 GMA-P Welds on AX-140 All-Weld-Metal Specimens
30 kj/in. N> Preheat
Diffusible Acoustic

Run Orientation Augmented Hydrogen Cracking Emission, Incubation
No. Strain % Content Observed CountXl0® Time,min .,

Al 1 1.15 1.5 ppm No 1.8 *

2 NO 0.2 *

3 Yes 0.7 0

4 No 0.4 *

A2 1 1.15 1.5 No 0.7 *

A3 1 1.7 1.5 No 0.7 *

2 No 0.2 *

3 Mo 1.6 *

4 No 0.3 *

A4 1 1.15 2.3 No 0.1 *

2 No 0.5 *

3 No 0.2 *

4 No 1.1 *

A5 1 1.15 2.8 No 0.1 *

A6 1 1.15 3.0 Yes 8.2 0

A7 1 1.15 3.3 No 0 *

2 Yes * *

3 Yes 3.0 *

4 Yes * *

A8 1 1.7 3.3 Yes 1.6 3

2 Yes 3.9 2

3 Yes * 10

4 Yes * 4

A9 1 1.7 7.0 Yes 2.8 *

2 Yes * *

3 Yes * *

4 Yes * x

* Data not available




TABLE 10
Critical Diffusible Hydrogen Content
in Augmented-Strain Cracking Tests
AX-140 GMA Welds on HY-130

no preheat

Augmented Critical Diffusible
Energy Input Strain Hydrogen Content
kj/in. 3 ppm
30 1.15 1.1 to 1.5
30 1.7 1.1
40 1.15 1.1 to 1.9
40 1.7 0.7 to 1.1

38,
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TABLE 11
Effect of Orientation on

the Augmented-Strain Cracking Susceptibility

AX-140 GMA-P Welds on
AX-140 All-Weld-Metal Specimens
30 kj/in., no preheat

Augmented Strain 1.15%

Orientation Critical Diffusible Hydrogen Content,ppm.
(see Figure 2) Fused-Metal Basis Added-Metal Basis

1 2 to 2.2 3.0 to 3.3

2 2.2 3.3

3 1.1 to 1.6 1.5 to 2.3

4 2.2 3.3
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strain. As may be noted in Table 11 for the specimens

welded with 30 kj/in. with the GMAW-P process, only a small
difference was found in the cracking susceptibility of

the four diffecrent orientations of AX-140 welds on AX-140
all-weld-metal ASC specimens. Orientation 3 (Fig. 2),1in

which the ASC specimen was a transverse section of the all-
weld-metal vad and the AX-140 weld was positioned perpen-
dicular to the oridginal welding direction, exhibited the
greatest cracking susceptibility as evidenced by a critical
hydrogen level between 1.5 and 2.3 ppm. Orientations 2 and 4,
in which the ASC specimens were longitudinal sections of the
all-weld-metal pad, exhibited the least cracking susceptibility,
with a critical hydrogen level of 3.3 ppm. Orientation 2, in
which the AX-140 test weld was positioned on the all-weld-metal
pad as in a multipass weld, exhibited intermediate cracking ten-
dencies with a critical hydrogen content between 3.0 and 3.3

ppm.

Comparison of Crack Susceptibility of AX-140 Welds

Crack susceptibility of AX-140 welds was somewhat greater
when deposited on HY-130 plate material than when deposited on
AX-140 weld metal. The critical hydrogen content for the former
was 1.0 to 1.5 ppm, whereas the value for the latter was 3.0
to 3.3 ppm. In thce case of AX-140 welds deposited on HY-130
base plate, the fused-metal zone contained approximatecly 30 to

35% of melted base metal. This base-metal dilution changed the

composition of the fusion zone. When AX-140 welds were deposited

on AX-140 all-weld-metal specimens, the composition of the fusion
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zone did not change, even though 30 to 35% dilution had
occurred. Obviously, the difference in composition of the

weld metal accounts for the difference in cracking sus-

ceptibility. It is to be recalled that hydrogen-assisted
cracking always initiated in the weld metal.

Combined Effect of Strain and Diffusible Hydrogen Content i

on the Crack Susceptibility

As was noted in the discussion of the ASC test results
shown in Table 10, as the augmented strain was decreased from
1.7% to 1.15%, the critical diffusible hydrogen content in-
creased. With further decrease in augmented strain, the amount
of hydrogen reguired to cause cracking continued to increase.
In one test, a specimen subjected to a strain of 0.55%, which
produced a small amount of plastic deformation, experienced
cracking at a diffusible hydrogen content of 4.7 ppm. With
the same hydrogen content and a strain of 0.45% cracking did
not occur. This strain of 0.45% is elastically equivalent to

a stress of 135,000 psi, the approximate yield strength of the

HY-130 plate and the AX-140 weld metal.

In an ASC test performed with 1.15% strain and a hydrogen
content of 9ppm, the augmented strain was removed soon after
cracking activity had been detected by acoustic emission. The
ASC specimen, immediately examined at 10X magnification, ex-
hibited no cracks. However, within two minutes after unloading,

a 0.30-inch (7.5 mm) long crack grew across the face of the

unloaded, but slightly plastically deformed, specimen. This
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was dramatic evidence that the residual stress, which resulted
from the small plastic strain during the ASC test, was ample

for crack propagation when sufficient hydrogen was prescnt.

Effect of Rolling Direction in HY-130 Speccimens

Welded ASC specimens machined from HHY-130 plate with
the long axes perpendicular to the rolled surfuce (Fig. 2,
Orientation A) experienced microcracking in the absence
of diffusible hydrogen with only 1.15% augmented strain.
In addition, acoustic emissions during ASC tests werc
detected in unwelded specimens machined with this orien-
tation. The high crack susceptibility of this orientation
in the HY-130 steel is attributed to the presence of elongated
inclusions which were oriented with their long axes per-
pendicular to the stress direction. With the application
of stress, these inclusions delaminated and acted as crack-
initiation sites. Figure 13, at 50x magynification, shows
the cracking associated with these clongated inclusions, which
are located in alloy-rich bands and are orientated parallel to
the rolled surface. It should be noted that a rumpled surface
is present in front of the crack tins. This high crack sus-
ceptibility, associated with inclusions, prevented study of
hydrogen-assisted cracking for specimens machined with this
orientation. Therefore, Orientation B (Fia. 2),1in which the
long axis of the specimen is parallel to the rolled surface,
was chosen for ASC tests of specimens machined from HY-130 platec.

Crack Propagation

Hydrogen-assisted cracks in ASC specimens were usually
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oricnted normal to the principal strain, as shown i Fig, 14
at 2N. Jracring was usually observed at o or o near the o suriacs
O the weld.,  No oracss were observed to have initiated 1 the

cartially melted cone or the heat-affected zone in any of the

The solidification substructure and crack morphology in oo
typical AYC all-woeld-metal specimen are shown in Fig. 195 ot 40X

Magniricaticn,  Cracking propagated atong cell boundarios ondy

when the colls were oriounted normal to the augmented straii.
These regions usually exhibited the greatest crack width and

are believed to have been the crack-initiation sites. Wherevel
the crack encountered cellular dendrite boundarics at an angle,
the crack propagated in a mixed mode, partially along the bound-
aries and partially transverse to the subgrains.

As can be scen in Fig. 15, cracks extended into regions
where the solidification substructure had been formed by previous
welds.  These cracks propagated in a mixc? mode, partially along
the boundaries and partially transverse to the subgrain., For
the four orientations studied (Orientations 1-4, Fig. 2) crack
propagation into the heat-affected zone did not follow a preferred
orientation with respect to the original welding direction of the
all-weld-metal pad.

Acoustic Emission Studies

The acoustic-emission monitoring apparatus permitted study
of the crack initiation and propagation behavior during the ASC
tests.  As described in the procedurcs section, an approximatoe

sum of stress-wave amplitudes was recorded as a function of time
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with an X-Y recorder.
In welds with diffusible hydrogen content greater than

4 ppm, crack initiation and propagation occurred within a

few minutes. In nearly all cases, cracking was not ob-
served at all unless initiation occurred within ten minutes
of loading.
Among specimens which cracked, most had acoustic-cmission

activity for many hours after loading. One ASC test showed

crack growth for 33 hours after loading.
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CONCLUSIONS

The conclusions drawn from this investigation of the

hydrogen-~assisted cracking of AX-140 welds on HY-130 stecl

and on AX-140 all-weld-metal specimens, utilizing the

augmented strain cracking (ASC) test, are:

1.

The pulsed-current gas metal arc welding (GMAW-P)
process was found to be superior to the gas metal

arc welding (GMAW) process for depositing weld metal
containing predictable levels of diffusible hydrogen.
Both hydrogen and moisture additions to the shielding
gas produced controlled diffusible hydrogen contents
in weldments when the GMAW-P process was used. The
use of moisture additions to the shielding gas pro-
duced welds with somewhat better arc characteristics
than did the use of hydrogen additions.

For a given technique for adding hydrogen to the weld
deposit, welds made with an energy input of 40 kj/in.
contained approximately the same diffusible hydrogen
content as welds made with 30 kj/in.

In HY~-130 plate material, elongated inclusions, with
long axes perpendicular to the stress produced by a
plastic strain of 1.15%,served as initiation sites for
cracking in the absence of hydrogen. This cracking,

in the absence cf hydrogen, did not occur when the

long axes of the inclusions were parallel to the stress.

Ve “""\_"_4.-!:»1"‘ A R
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Although hydrogen-assisted cracking initiated

solely in the fusion zone, cracking frequently
propagated into the heat-affected zone.

Crack propagation through weld metal did not
consistently follow the solidification structure.

The critical hydrogen content required to initiate
cracking in AX-140 welds on HY-130 materials was ap-
proximately 1 ppm for an augmented strain of 1.15%
Increasing the augmented strain from 1.15% to 1.7

did not alter this critical hydrogen content apprecia-
bly.

An augmented strain of 0.55% was sufficient to initiate
and propagate hydrogen-assisted cracks in HY-130 weld-
ments when approximately 5 ppm diffusible hydrogen was
present. A strain of 0.45% was equivalent, elastically,
to a stress of 135,000 psi, the approximate yield
strength of the AX-140 weld metal and the HY-130 base
metal.

All-weld-metal ASC specimens, cut from four orientations
with respect to the welding direction, had a suscep-
tibility to hydrogen—assisted cracking which was less
than that of test welds on HY-130 basec-mctal specimens.
The critical hydrogen content required to initiate crack-
ing at 1.15% augmented strain was approximately 3 ppm.
The critical hydrogen content of all-weld-metal specimens
was not sensitive to orientation. However, when

the ASC specimen was a transversce section of the all-

weld-metal pad and the weld deposit was perpendicular
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to the original welding direction, the critical hydrogen
content for crack initiation was approximatcly 2 ppm.
The difference in susceptibility to hydrogen-assisted
cracking between AX-140 welds on HY-130 plate and AX-
140 welds on AX-140 all-weld-metal specimens has been
ascribed to the difference in chemical composition of

the fusion zones.
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